Introduction

33
The design of tanks in inland aquaculture systems is an essential issue in order to achieve 34 optimal conditions for fish and minimise waste discharge into the environment, and has 
37
A comprehensive approach to the tank design should include the geometry and the water 38 inlet and outlet characteristics, which together will determine the flow pattern.
39
Two types of geometry are used in the construction of aquaculture tanks: circular and 40 rectangular.
41
Circular tanks are frequently self-cleaning. The circular flow pattern moves biosolids
42
(non-ingested feed and faeces) to the central outlet, where they are swept out in the outlet 43 current. A downstream settling zone is required to collect biosolids from these ponds.
44
Environmental conditions are usually very uniform in this kind of tank due to the effective 45 mixing of water achieved (Timmons et al., 1998).
46
In rectangular tanks, flow pattern is much more unpredictable, heavily depending on the 47 tank geometry and the characteristics of water inlets. In this kind of tank the majority of 48 biosolid particles usually settle on the bottom, especially at low fish densities, when the 49 turbulence produced by fish movement is not very great. In rectangular tanks it is also 50 much more usual to find heterogeneous culture environments caused by the lack of mixing 51 uniformity, which generates dead and by-passing volumes. These conditions will provoke 52 disparity in fish distribution and fish quality and in some cases an increase in aggressive 53 behaviour of fish (Ross et al., 1995) .
54
Despite the number of problems above described, rectangular tanks are widely used in 55 aquaculture farms on account of the fact that they are easier to construct, facilitate fish 56 handling and adapt to usual plot geometries. The water inlet is usually made through sub- 
87
In the last decade, the experimental methods for characterising flow patterns have im-
88
proved greatly due to availability and the increase in computer power, which has allowed 89 the development of particle velocimetry techniques. These methods use tracer particles and 90 measure a full velocity field in a two-dimensional slice of a flow. One of these techniques, 
Material and methods
104
Flow visualisation
105
The experiments were carried out using a rectangular tank made of transparent methacry-106 late, 100 cm long and 40 cm wide. The water depth was always close to 5 cm. Exchangeable 107 gates placed in the tank extremes allowed the water inlet and outlet characteristics to be 108 changed easily. The circulation of water was achieved using a volumetric pump equipped 109 with a variable speed motor, in order to adjust the recirculation flow rates (Fig. 1) .
110
The water volume was "seeded" with small particles of pliolite (Eliokem, pliolite S5E), 111 a granular material with good reflective properties and density approximately 1.05 g cm −3 .
112
The particles used passed through a US Standard Sieve #18 screen (1.00 mm) but were 113 retained on a #35 screen (0.50 mm). The used amount of dry pliolite was around 1 g l −1 .
114
In order to give neutral buoyancy to these particles, they must be submerged in a wetting 115 agent to reduce the surface tension and sodium chloride must be added to the water tank
116
(around 65 g l −1 ) to equal water and pliolite densities. 
122
In order to achieve a sufficiently good resolution of the images, the tank analysis was 
Particle tracking and analysis
128
In order to track particles, the images of the flow must be captured, the particles must 129 be located within these images, and the relationship between particles in successive images 130 must be determined.
131
The illuminated region of the flow was recorded on a Super VHS videotape using a 132 monochrome CCD video-camera (COHU 4912). To track the particles, the videotape was 133 replayed and the images were captured by digitising the video using a frame grabber card out by the same computer in which the frame grabber card was installed, using a specific 136 software for this application (Digimage). The software defines a particle as an area of an 137 enhanced image satisfying a number of criteria, based on the intensity, size and shape of the 138 particles. Once all the particles in an image have been found, they need to be related back to 139 the previous image to determine which particle image is which physical particle. The dis- 
Tank configurations analysed
144
The tank configurations analysed are presented in Fig. 2 . 
153
Three different flow rates were used in configuration two in order to study the influence 154 of the flow rate in the flow pattern observed around the waterfall.
155
In configuration 3, two and three inlets uniformly distributed were studied, corresponding 156 to a distance between inlets of 3.8 and 2.5 times the depth, respectively.
157
The different flow rates used with every configuration can be seen in Table 1, together   158 with the water depth and the exact emplacement and characteristics of the inlet.
159
To transfer the results to other geometrically similar tanks, the main criteria to be used 
Results and discussion
174
The development of this section starts with a detailed description of the hydraulic aspects 175 for each of the configurations evaluated in the present work. Later, all the configurations 176 will be compared and the possible implications on fish culture discussed. The length of the vertical eddy is not appreciably altered by the flow rate, as can be seen
189
in Fig. 4 where the vertical eddies obtained with the three different flow rates are shown.
190
This length is always close to two and a half times the water depth.
191
Outside the above defined area of intense mixing, large horizontal eddies are formed along these large eddies, the velocity field is very heterogeneous and the internal recirculation in 195 the tank is very important. in open systems and will make water treatment in recirculating systems more difficult.
217
Despite the described drawbacks with this kind of configuration, it is still very usual to 218 find it in some inland grow-out marine fish farms. respectively.
228
Observing the same figure, the effect of overlapping eddies in the flow pattern can be 229 easily seen. In the top section, a horizontal plume is formed midway between two eddies.
230
Meanwhile, in the bottom section, the flow in front of the waterfall seems to be mainly going depth) the circulation at one of the tank sides is much higher than at the other side, while with 247 three waterfalls (distance 2.5 times water depth) the velocity field is more homogeneous,
248
allowing more uniform culture conditions and a more efficient use of water. configurations.
268
The ratio between the average velocity and the inlet jet velocity in this experiment was 
Comparison between configurations
275
Water velocity is a parameter strongly influencing the performance of a tank for fish In configuration 4, velocities are higher than 10 times v pf in 70% of the tank area and 285 higher than five times v pf in 94% (Table 2 ). This means that it is easier to prevent the 286 sedimentation of biosolids inside the tank, a downstream water treatment being necessary 287 to collect them. In this configuration, the swimming performance of fish using this tank
288
AQUE 1278 1-16 area, which will also produce a heterogeneous distribution of biosolids on the tank bottom. Particle tracking velocimetry has proved to be a very useful tool for three-dimensional 309 study of the hydrodynamic characteristics of fish production tanks in a quick and inexpensive
310
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way. In rectangular tanks, these hydrodynamic characteristics have shown to be dramati-
311
cally affected by the emplacement of the water inlets and by their geometry, providing big 312 differences in mixing conditions and distribution of velocities inside the tank.
313
The mixing between entering and remaining water was shown to be very low in configu- to obtaining a good mixing and uniform environmental conditions in the entire tank volume.
321
The appearance of dead volumes is especially significant in configurations with a single on the uniformity of the horizontal velocity field, which increased noticeably when the 330 distance between inlets was reduced from 3.8 to 2.5 times the water depth. This increase in 331 uniformity provides higher efficiency in water use.
332
The distribution of velocity magnitude inside the tank is much more uniform in config-333 uration 4, which has also the highest average velocities. These characteristics make this 334 kind of configuration the most interesting for the achievement of self-cleaning conditions.
335
Increases in the number of inlet points and modifications in the tank geometry could in-336 crease the average velocities, but the tank construction and the fish management could also 337 become more complicated. Further trials are being developed to analyse the effect of some 338 single modifications in the tank geometry using PTV techniques.
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